Context: Available data concerning effects of testosterone on endometrium of postmenopausal women are seriously limited.
I
T IS WELL KNOWN that estrogen stimulates proliferation of the endometrium, a target for sex hormones, and that long-term treatment of postmenopausal women with estrogen alone promotes endometrial hyperplasia and increases the risk of endometrial cancer (1) . In contrast, progesterone exerts antiproliferative effects on this tissue and is therefore used to supplement estrogen treatment to prevent endometrial proliferation (2) . Sex hormones act via specific receptors, and, in addition to estrogen and progesterone receptors, the androgen receptor is expressed by stromal and epithelial cells of the human endometrium (3) .
In recent years, the interest in treating postmenopausal women with androgens has been increasing because of the beneficial effects of such treatment on libido, bone mass, and general well-being (4 -7) . However, at present, our knowledge concerning possible side effects and the safety of this approach, as well as the basic biological effects of androgens on the endometrium, is severely limited. Indeed, the few published reports in this area contain discrepant findings. Testosterone inhibits the growth of human endometrial cells in vitro (8) . Narukawa et al. (9) demonstrated that androgens induce prolactin production in the human endometrium, an effect that is associated with stromal cell differentiation. However, in postmenopausal women receiving testosterone and estrogen in combination, endometrial hyperplasia similar to that observed with estrogen alone has been detected (10, 11) . To date, we have no knowledge concerning the effects of testosterone alone on the endometrium of postmenopausal women.
In the present open but randomized study, we examined the effects of treating healthy postmenopausal women with testosterone and/or estrogen on endometrial proliferation. Before and after 3 months of such treatment, the thickness of the endometrium was determined by transvaginal ultrasonography, and endometrial proliferation was evaluated by histopathology and examination of the expression of Ki-67, a marker for proliferation.
Subjects and Methods Subjects
Postmenopausal women 44 to 64 yr of age and with a body mass index (BMI) between 20 and 32 kg/m 2 participated in the study. All subjects had experienced their last menstrual bleeding at least 12 months before beginning the study or exhibited serum levels of FSH greater than 30 IU/liter. The women receiving hormone therapy (HT) were required to discontinue treatment for 8 wk in the case of oral therapy and 4 wk for transdermal or local application of estrogen before initiation of our investigation. The criteria used for exclusion were as follows: the pres-ence of liver, biliary, or renal disease; uncontrolled high blood pressure; endocrinological disorder; a history or presence of thromboembolic disorder; and malignancy. In addition, only nonsmokers were included. The study was approved by the Ethics Committee of Karolinska University Hospital, and the subjects all gave their informed consent before participation.
Study design
The women were randomly assigned into three groups (1:1:1) by a research nurse according to the code generated from the permuted block randomization (blocks of 3 ϫ 4 ϭ 12 subjects). One group (T group) received oral treatment with testosterone undecanoate (TU) (40 mg every other day; Organon, Oss, The Netherlands), the second group (E group) received oral administration of estradiol valerate (E 2 V) (2 mg daily; Orion Pharma, Esbo, Finland), and the third group (TϩE group) received both testosterone and estradiol (in these same forms, doses, and schedules) for a total of 3 months. The women were instructed to take TU with their evening meal. All of the women were examined both immediately before and at the end of the treatment period as follows: after an overnight fast, a general health examination, including registration of body weight, height, and blood pressure, was performed at the Women's Health Research Unit at the Karolinska University Hospital. A fasting blood sample was drawn from a peripheral vein 12 or 36 h after intake of TU, and serum was separated by centrifugation and then stored at Ϫ70 C for later analysis of sex hormones.
In addition, gynecological examination, including measurement of endometrial thickness by transvaginal ultrasonography using a 7.5 MHz vaginal probe (Siemens, Sonoline, Germany), was performed by the same investigator in all cases. Under local anesthesia, samples of endometrial tissue were obtained by both aspiration biopsy (Endorette; Medscand Medical, Malmö , Sweden) for histopathological examination at the Department of Pathology and uterine curettage for immunohistochemical analyses at our research laboratory. All tissue samples were fixed in 4% formaldehyde and embedded in paraffin for these purposes.
Endometrial histopathology
Endometrial histopathology was evaluated by a pathologist who did not know from which groups the samples originated or the order of sampling. In the context, the following histological classifications were used: 1) insufficient tissue: no/insufficient tissue for evaluation; 2) atrophic endometrium: only small glands with a single layer of inactive cuboidal epithelium; 3) inactive endometrium: glands with stratified, columnar epithelium without any mitoses; 4) proliferative endometrium: glands lined by stratified columnar cells with mitoses; 5) proliferative endometrium demonstrating glandular hyperplasia without atypia: proliferation of endometrial glands and an increased gland-tostroma ratio (12, 13) .
Immunohistochemical analysis
The nuclear antigen Ki-67 is expressed only by proliferating cells, in the G 1 , S, and G 2 phases of the cell cycle and during mitosis (14) . Immunostaining for this antigen using the avidin-biotin peroxidase complex procedure (15) was therefore used to identify proliferating endometrial cells. The 5 m paraffin sections prepared from endometrial tissue were first dewaxed in Bioclear (Bio-Optica, Milan, Italy), rehydrated, and washed (pH 7.4) with PBS. Thereafter, these sections were subjected to microwave antigen retrieval in 0.01 m sodium citrate buffer (pH 6.0) for 10 min and then allowed to cool for 20 min. Subsequently, endogenous peroxidase activity was quenched by immersion in 3% hydrogen peroxide (Merck, Darmstadt, Germany) in methanol for 10 min at room temperature, after which nonspecific binding of the primary antibody was blocked by incubation with 1.5% normal horse serum (Vector Laboratories, Burlingame, CA) in PBS for 30 min at room temperature.
The sections were then incubated overnight at 4 C with mouse monoclonal antibody against Ki-67 (diluted 1:200 with PBS; catalog no. NCLKi-67-MM1; Novocastra, Newcastle, UK) or, in the case of the negative control, with a mouse IgG at a corresponding concentration. The next incubations were with a biotinylated horse antimouse secondary antibody (catalog no. BA-2000; Vector Laboratories) and 1.5% normal horse serum in PBS, followed by an avidin-biotin peroxidase complex (Vectastain Elite, catalog no. PK-6100; Vector Laboratories), each time for 30 min at room temperature. Finally, the peroxidase substrate 3,3-diaminobenzidine (catalog no. K3466; DakoCytomation, Carpinteria, CA) was added to obtain the colored reaction product.
Image analysis
A Leica (Nussloch, Germany) microscope connected to a computer using Colorvision software (Leica) was used to assess Ki-67 immunostaining quantitatively by a computer imaging analysis system (16) . Quantification of immunostaining was performed on the digitized images of systematic randomly selected fields of endometrium, of which stroma, and glandular epithelium were analyzed separately. Ten fields were analyzed and measured separately in each slide of stroma and glands. For the slides with less than 10 fields, all fields were adopted. Luminal epithelium was not present in a sufficient amount to be analyzed. With use of color-discrimination software, the total area of positively stained cell nuclei (brown reaction product) was measured and expressed as a ratio of the total area of cell nuclei (brown reaction product plus blue hematoxylin).
Serum hormone levels
Serum levels of FSH, sex hormones, and SHBG were analyzed as described previously (17) .
Statistical analysis
The values obtained are expressed as means Ϯ sds or medians and quartile ranges (25th to 75th quartiles, based on distribution). The paired t test or Wilcoxon's matched pairs test was used to compare differences within groups on the basis of the distribution of values. The KruskalWallis test, followed by the Student's t test or the Mann-Whitney U test was used to evaluate differences between groups.
For analysis of the histopathological data, samples categorized as demonstrating an insufficient amount of tissue, atrophic endometrium, or inactive endometrium were combined and designated as representing an atrophic pattern, whereas samples exhibiting proliferative endometrium and endometrium with hyperplasia were considered together to represent a proliferative pattern. For subsequent comparison of endometrial histopathology, the sign test was used to evaluate possible differences within groups, and the 2 or Fisher's exact test was used for differences between groups.
Possible correlations between variables were evaluated using the Spearman's rank order correlation test. In all cases, a P value of Ͻ0.05 was considered to be statistically significant.
Results
Of the 75 women assessed for eligibility, nine did not fulfill the criteria for inclusion. Of the 66 women randomly assigned to the different experimental groups, two in the T group and one in the TϩE group discontinued the experimented treatment for reasons not related to this treatment itself (Fig. 1) .
The clinical characteristics of the 63 postmenopausal women in our three different groups immediately before and after 3 months of treatment are documented in Table 1 . Before initiation of treatment, these subjects were similar with regard to present age, age at the time of menopause, BMI, the number who had previously received HT, serum levels of hormones, and endometrial thickness. There was no significant difference in FSH levels between women who had previously taken HT and those who had not (data not shown).
Circulating levels of total and free testosterone were, as expected, increased by treatment with TU. The median levels of total testosterone after such treatment were within the normal range for premenopausal women (9 -87 ng/dl) as determined by our procedure. As also expected, serum levels of estradiol and SHBG were significantly elevated in both groups that received E 2 V. Serum levels of FSH were decreased by E 2 V but were unaltered by TU alone (Table 1) .
There were slight but significant increases in the mean BMI for all three groups by the end of the treatment period. Endometrial thickness remained unchanged in the T group but was enhanced significantly by more than 3-fold in both groups receiving estradiol (P Ͻ 0.001 in both cases) ( Table 1) .
Endometrial histopathology
An amount of endometrial tissue sufficient for histopathological evaluation of the same subject both before and after treatment was obtained from 15 women in the T group and 18 women each in the E and TϩE groups. The histopathology of these tissue samples is presented in Fig. 2 . Immediately before treatment, all subjects in all three of the groups exhibited an atrophic or inactive endometrium, with the exception of one woman in the E group, whose endometrium was proliferative. After 3 months of treatment, the endometrial histopathology of the T group was unaltered. In the E group, seven subjects had a proliferative endometrium and two simple hyperplasia, whereas in the TϩE group, there were only four cases of proliferative endometrium and one of simple hyperplasia.
The relative proportions of atrophic and proliferative endometrium (atrophic and proliferative pattern) in the three groups before and after treatment are shown in Table 2 . All of the women in the T group demonstrated an atrophic pattern (i.e. exhibiting histopathology of insufficient tissue/ atrophic or inactive endometrium) both before and after treatment. In the case of the E group, the proportion of women with proliferative pattern (i.e. exhibiting histopathology of proliferative/hyperplastic endometrium) was increased significantly from 6 to 50% (P Ͻ 0.05) with a hyperplasia rate of 11% as a consequence of the treatment, whereas the corresponding increase from 0 to 28% in the TϩE group was not statistically significant. After treatment, the proportions of proliferative pattern in the E and TϩE groups were significantly higher than in the T group (P Ͻ 0.001 and P Ͻ 0.05, respectively). Furthermore, the proportion of women in the E group that exhibited proliferative endometrial histopathology after treatment tended to be greater than in the TϩE group (P ϭ 0.09). In addition, analysis of the findings for all subjects revealed a positive correlation between the change in endometrial thickness and endometrial histopathology (r ϭ 0.4; P Ͻ 0.01).
Expression of Ki-67
An amount of endometrial tissue sufficient for evaluation of the expression of Ki-67 by the same subject both before and TABLE 1. Clinical characteristics, hormone levels, and endometrial thickness of our subjects at baseline and after treatment with testosterone (T group), estradiol (E group), and both (TϩE group) The values presented are either means Ϯ SD or median and quartile ranges (25th to 75th quartiles). Significant differences within the same group before and after treatment are denoted: *, P Ͻ 0.05; **, P Ͻ 0.01; ***, P Ͻ 0.001. Conversion factors to SI units: testosterone (T), 0.035 (nmol/liter); free testosterone, 3.467 (pmol/liter); estradiol (E 2 ) 3.7, (pmol/liter); SHBG, 10.9 (nmol/liter).
FIG. 1. A schematic diagram illustrating the present study.
after treatment (paired samples) was obtained from five women in the E group and eight in the TϩE group. The total number of samples large enough to be analyzed was, however, larger and included tissue from all three groups. Immunostaining of Ki-67 was observed in the nuclei of epithelial and stromal cells of the endometrium (Fig. 3) . Such staining before and after treatment for one woman in each group is illustrated in Fig. 3 .
As shown in Table 3 , immediately before treatment, the percentage of cells in stroma and glands that expressed Ki-67 was similar for the three groups. After treatment, the percentage of Ki-67-positive cells in glands was clearly increased in both groups receiving estrogen but not in the case of the T group. In stroma, the treatment effect was in general less than in glands. However, the percentage of Ki-67-positive cells in stroma after treatment was highest in the E group and lowest in the T group. Moreover, the values in the E group were significantly higher than in the TϩE group (P Ͻ 0.05). For the subjects in which a sufficient amount of tissue was obtained both before and after treatment allowing paired analysis, the percentage of Ki-67-positive cells was enhanced in both glands and stroma of the E and TϩE groups (P Ͻ 0.05 for both). The values in the TϩE group were numerically lower than in the E group. However, there was no statistical difference between groups by this small sample size (P ϭ 0.14 for stroma; P ϭ 0.35 for glands).
Discussion
Our basic understanding of the effects of testosterone on the human endometrium is highly limited. To our knowledge, this is the first clinical comparison of the effects of testosterone and estrogen on endometrial proliferation in postmenopausal women. In this present open but randomized study, we found that, in contrast to estrogen, short-term treatment with testosterone does not stimulate this proliferation. Moreover, the degree of endometrial proliferation in the women receiving both testosterone and estrogen was less than those treated with estrogen alone.
TU is a testosterone preparation absorbed via the lymphatic intestinal system. Previous studies have shown that there are considerable intra-individual and interindividual variation of serum testosterone with this treatment (18) . A 40-mg daily dose of TU was reported previously to give rise to testosterone levels exceeding the upper reference limit in about 50% of postmenopausal women (18) . In the present study, we therefore treated postmenopausal women with 40 mg TU every second day. The treatment resulted in a 2-fold The values presented are number of subjects (percentage). Significant differences within groups are denoted: *, P Ͻ 0.05.
FIG. 2.
The endometrial histopathology exhibited by postmenopausal women before and after treatment with TU (T group; n ϭ 15), E 2 V (E group; n ϭ 18), or both (TϩE group; n ϭ 18). The classifications used were as follows: 1, insufficient tissue; 2, atrophic; 3, inactive; 4, proliferative; and 5, hyperplastic.
increase of total testosterone levels with median levels within the normal range of premenopausal women. It is well known that treatment of postmenopausal women with estrogen alone is associated with an increased rate of hyperplasia and risk of developing endometrial cancer (2, 19) , with the rate of hyperplasia being related to the dose and duration of treatment. A prospective 1-yr study revealed that endometrial hyperplasia developed in 30% of the postmenopausal women receiving cyclic treatment with 0.625 mg conjugated equine estrogens and in 57% of those treated with 1.25 mg (20) . This effect could, however, be attenuated by the additional administration of a progestin. With continuous combined HT, an atrophic endometrium is observed in a majority of women, whereas proliferative activity without atypical hyperplasia is present in approximately 2-3% (21) .
In the present short-term investigation, a significant elevation in the rate of endometrial proliferation, including two women with simple hyperplasia, was found in the E group. In contrast, endometrial thickness and histopathology were not altered by treatment with testosterone alone. In the case of the TϩE group, the rate of endometrial proliferation was not significantly enhanced, although there was an increase in the thickness of the endometrium. The tendency toward a higher rate of proliferation in the E group than in the TϩE group indicates that testosterone may counteract the endometrial proliferation induced by estrogen.
Imhof et al. (22) have reported that treatment of postmenopausal women with isoflavones derived from red clover leads to elevated serum levels of testosterone and a reduction in endometrial thickness. Moreover, treatment of female-tomale transsexuals with high doses of androgens results in variable degrees of endometrial atrophy (23) . These findings are in agreement with those presented here. However, in other studies, the rate of endometrial hyperplasia in postmenopausal women treated with both testosterone and estrogen was at least comparable in extent with that caused by estrogen alone (10, 11) .
The level of expression of Ki-67, a protein used as an indicator of proliferation, correlates well with the degree of mitotic activity in tissues (24) . In the glandular epithelium of the endometrium, expression of Ki-67 is elevated during the proliferative phase but absent during the late secretory phase of the menstrual cycle (25) . Guleria et al. (26) also found that this expression is decreased in both the glands and stroma of the endometrium of women using a copper intrauterine device, an observation that may explain the epidemiological evidence for a reduced risk for endometrial cancer among such women. In the present study, the expression of Ki-67 was up-regulated significantly in both glands and stroma of the endometrium of women in the E and TϩE groups. However, the values were significantly lower in the stroma by combined treatment of estrogen and testosterone than by estrogen alone. These findings are consistent with the lower rate of endometrial proliferation associated with combined treatment compared with estrogen treatment alone indicated by histopathological examinations.
The regulation of endometrial proliferation in response to sex steroid hormones is complex and poorly understood. Estrogen, which exerts its functions via specific receptors (ER␣ and ER␤), acts both at genomic and nongenomic levels (27) . The human endometrium is incapable of aromatizing androgens to produce estradiol (28, 29) . Cardenas et al. (30) have demonstrated that dihydrotestosterone attenuates estrogenic effects in the pig uterus by down-regulating ER␣. Another study revealed that the antiprogestin mifepristone inhibits endometrial proliferation and up-regulates the androgen receptor in women (31) . In addition, the antiandrogen flutamide blocks the suppressive effects of antiprogestins in the primate endometrium, which indicates that the androgen receptor may play a role in the antiproliferative effect of antiprogestins (32) .
Androgens are used alone or in combination with estrogen to treat sexual dysfunction and loss of energy in postmenopausal women (4, 5) . However, little is presently known about the possible side effects and safety of such treatment, and reports concerning the effects of testosterone on the endometrium are scarce. In this context, our findings do not give rise to any concerns about treating postmenopausal women with testosterone undecanoate for 3 months with a dose resulting in median serum levels of testosterone within the normal range for premenopausal women. However, longer-term studies with other testosterone preparations and other doses are warranted.
One limitation of the present investigation was the difficulty encountered in obtaining sufficient amounts of endometrial tissue to allow histopathological and immunohistochemical examination. This was the case for the T group in particular because of atrophy of the endometrium, a situation, however, that does provide additional support for our conclusion that testosterone does not stimulate endometrial proliferation. Consequently, we were unable to perform statistical analysis with regard to the expression of Ki-67 by women treated with testosterone alone. We can therefore not exclude that the effects of testosterone on the proliferation marker Ki-67 may have been underestimated. However, with respect to the histopathological evaluation, sufficient tissue was obtained from all but a few women in each group. The clinical characteristics of these few women did not differ in any apparent way from those of the other subjects.
In conclusion, our present findings indicate that shortterm treatment of postmenopausal women with testosterone does not stimulate endometrial proliferation but may counteract such proliferation induced by estrogen. The long-term effects of testosterone treatment on endometrial proliferation and the risk for endometrial cancer remain to be elucidated. The values are medians (25th to 75th quartile range). Significant difference between the E and Tϩ E groups is denoted: #, P Ͻ 0.05. Significant differences within groups for paired samples are denoted: *, P Ͻ 0.05.
